Di-, tri-, and tetrasaccharides, synthesized according to the chemical structure of pneumococcal polysaccharide type 3 (PS3), were coupled to the cross-reactive material (CRM 197 ) of modified diphtheria toxin in different molar carbohydrate/protein ratios using the squarate coupling method. To study protective immunity, female BALB/c mice were subcutaneously immunized twice (with a 3-week interval) using the amount of conjugates corresponding to 2.5 g of oligosaccharide per mouse. The conjugates evoked PS3 binding immunoglobulin G antibodies that lasted for at least 7 weeks after the booster. Immunogenicity was not influenced by the carbohydrate/protein ratio. All mice with PS3-specific antibodies survived the intraperitoneal challenge with Streptococcus pneumoniae type 3. Therefore, synthetic oligosaccharide-protein conjugates might have potential as vaccines.
The encapsulated bacterium Streptococcus pneumoniae is still a major cause of upper and lower respiratory tract infections. About 23 serotypes of the ca. 90 known serotypes cause the majority (ϳ90%) of pneumococcal infections, such as otitis media, pneumonia, and meningitis (3) . S. pneumoniae type 3 strains are related to invasive pneumococcal infection in adults (1, 3) and are often used in experimental meningitis (7) and otitis media models (5) in rabbits and rats. Furthermore, because of its high virulence in mice, S. pneumoniae type 3 offers a good model to study protective immunogenic properties of candidate vaccines (6, 12, 13) .
Protection against encapsulated bacteria is primarily mediated by anticapsular antibodies. However, capsular polysaccharides are thymus-independent type 2 antigens and thus induce low-affinity antibodies that display a limited subclass distribution. These antigens evoke no B-cell memory, either. Vaccines consisting of polysaccharides coupled to a protein carrier can circumvent these disadvantages with an increased antibody response to capsular polysaccharides (2, 9, 14) .
Neoglycoprotein preparations consisting of polysaccharide or oligosaccharide fragments obtained by degradation of the polysaccharides are sometimes contaminated with other pneumococcal components. They also have an ill-defined structure due to multiple coupling sites or the use of oligosaccharide pools of different chain length, and they lose their reducing end upon conjugation to a carrier. The use of small chemically synthesized oligosaccharides results in a precisely defined conjugate, thereby offering a possibility to evaluate the immunogenic properties of a conjugate vaccine by varying its specific structural parameters, for example, the length of the saccharide fragment and the carbohydrate/protein ratio.
Oligosaccharide-protein conjugates were prepared as follows. The pure synthetic monosaccharides
Kamerling, and J. F. G. Vliegenthart, submitted for publication), representing fragments of the repeating unit of the type 3 polysaccharide (PS3), were conjugated to the cross-reactive material (CRM 197 ) of modified diphtheria toxin in different molar carbohydrate/protein ratios using the squarate coupling method (15) . 3-Aminopropyl glycoside (1 mol) was dissolved in 0.1 M sodium phosphate buffer (75 l, pH 6.95), and a diethyl squarate solution (76.2 l, 1 mol) in ethanol (EtOH) (from 24.9 l of diethyl squarate in 12.8 ml of EtOH) was added. After being stirred for 16 h, EtOH was evaporated by being flushed with N 2 , and the water layer was diluted with aqueous HO-acetate, pH 4 (6 ml), and charged on a C18 Bakerbond spe column (500 mg). Being rinsed with H 2 O (10 ml), elution with MeOH (4 ml), and evaporation of the solvent by flushing with N 2 afforded the pure elongated fragments. The elongated fragments were dissolved in 0.1 M borate buffer (400 l, pH 9.55), and the appropriate volume of CRM 197 solution (61 mg/ml; Chiron Vaccines, Siena, Italy) required for the target amount of oligosaccharide incorporation was added. After being stirred for 2 to 3 days, the mixture was diluted with 50 mM sodium phosphate (pH 7.2) and dialyzed against the same buffer. The protein concentrations were determined by the Pierce assay (11) , and the carbohydrate content was determined by matrix-assisted laser desorption ionization-time of flight (MALDI-TOF) analysis. Schematic structures of the conjugates are shown in Fig. 1 , and the carbohydrate/protein ratios are given in Table 1. For the protection study, inbred female BALB/c mice were obtained from the Animal Laboratory of Utrecht University. The Ethics Committee on Animal Experimentation of University Medical Center-Utrecht approved the animal experiments described herein. Mice 8 to 10 weeks old were subcutaneously immunized with the conjugates at four sites (2.5 g of saccharide per mouse) and received a similar booster after 3 weeks. Control mice were injected with either CRM 197 alone, the monosaccharide Glc or GlcA coupled to CRM 197 , or the buffer used for preparation of the conjugates. Blood samples were taken 1 day before the booster and at weeks 2 and 5 after the booster. The mice were challenged intraperitoneally 2 weeks after the last blood sampling with a 20ϫ 50% lethal dose (400 CFU) of S. pneumoniae type 3 (ATTC 6303; Rockville, Md.). Survival of mice was recorded daily for 14 days, after which blood was withdrawn for evaluation of the immune response after the infection.
Antibodies binding to PS3 were measured by enzyme-linked immunosorbent assay. Plates (Nunc Laboratories, Roskilde, Denmark) were coated with PS3 (1 g/ml in saline) overnight at 37°C. After being blocked with phosphate-buffered saline (pH 7.4)-3% gelatin, serum dilutions made in phosphate-buffered saline supplemented with 0.05% Tween 20 and 3% Protifar (Nutricia, Zoetermeer, The Netherlands) were transferred to the coated plates and incubated for 1 h at 37°C. After repeat washings the binding of immunoglobulin M (IgM) or IgG antibodies was determined with goat anti-mouse IgM or IgG coupled to horseradish peroxidase (Nordic Immunological Laboratories, El Toro, Calif.). The amount of bound peroxidase was visualized by incubation with a solution of 3,3Ј,5,5Ј-tetramethylbenzidine (Sigma Chemical Co., St. Louis, Mo.) and H 2 O 2 . After 20 min the reaction was stopped with 0.1 M H 2 SO 4 and optical density was measured at 450 nm with a microplate reader (Bio-Rad model 3550). Antibody titers were defined as the log 10 of the dilution giving twice the absorbance value calculated against that of sera of control mice (immunized with the buffer), with a minimum value of 0.2.
Groups of four mice were immunized subcutaneously with oligosaccharide-protein conjugates (2.5 g of carbohydrate per mouse). After the first immunization no IgM or IgG PS3 binding antibodies were detected (data not shown). IgG antibodies were present 2 weeks after the second immunization (data not shown), and titers did not change after another 3 weeks. As shown in Table 2 , all mice immunized with the tri-and tetrasaccharide-CRM 197 conjugates developed PS3 binding IgG antibodies. In each of the two disaccharide-CRM 197 immunized groups there was one mouse in which antibodies were not detectable, even after the booster. The mice immunized with the tenfold-lower dose of the tetrasaccharide-2 conjugate developed a slightly lower level of antibodies.
Upon intraperitoneal challenge with a lethal dose of S. pneumoniae type 3, all mice with PS3-specific antibodies survived ( Table 2 ). All control mice died within 4 days, except for two mice in the group injected with GlcA-CRM 197 . Two mice in each of the disaccharide-CRM 197 immunized groups, with no detectable antibodies, also died. There was no influence of the saccharide density on the immunogenic capacity of the conjugate vaccines.
In earlier studies, Snippe et al. (13) demonstrated that a hexasaccharide, coupled without a spacer to keyhole limpet hemocyanin (KLH) and so, in fact, reduced to a pentasaccharide, was able to induce protective immunity against type 3 pneumococci in mice. A small amount of IgM was measured 1 week after the first immunization, and high levels of IgG were detected after booster injections. Furthermore, a protective immunity has been observed in mice after several injections with polysaccharide type 6B-related synthetic spacered tetrasaccharide-KLH conjugates, whereas the di-and trisaccharide-KLH conjugates induced a low antibody response with no or partial protection against a lethal dose of type 6B pneumococci (W. T. M. Jansen, S. Hogenboom, M. J. Thijssen, J. P. Kamerling, J. F. G. Vliegenthart, J. Verhoef, H. Snippe, and A. F. M. Verheul, submitted for publication). Rabbits, immunized with these conjugates, developed antibodies which could passively protect mice. Our results show that for type 3 pneumococci, the disaccharide conjugate is already large enough to generate protection in mice without the use of adjuvant.
The study of Laferrière et al. (4) demonstrated that conjugation of a different carbohydrate chain length (with an average length of 8, 16, 27, and 37 repeating units) derived from Presented are the monosaccharides glucose and glucuronic acid and the di-, tri-, and tetrasaccharides, representing fragments of the repeating unit of pneumococci PS3 conjugated to the cross-reactive material (CRM 197 ) using the squarate coupling method. n, oligosaccharide density per CRM molecule; R, structure of the saccharide fragments. PS3 to tetanus toxoid (TT) did not result in a distinct immune response in rabbits. However, it should be noted that pools of average chain lengths were used, which complicates interpretation of the results. Rabbits immunized with those conjugates developed PS3 binding IgG antibodies, but the sera showed a low opsonophagocytic capacity, suggesting that there were no protective antibodies, since protection against pneumococci by type-specific antibodies is mediated by opsonization and phagocytosis of the bacteria. In a previous study conjugates with carbohydrate chains of pneumococcal strains 6A, 18C, 19F, and 23F induced in rabbits high levels of polysaccharide binding serum antibodies with an effective opsonophagocytic capacity. Only in the case of the 19F-TT conjugate was a decrease in immunogenicity with increasing saccharide chain length observed. It was also demonstrated by Paoletti et al. (8) that, in rabbits immunized with (on average) 6, 14, and 25 repeating units of the polysaccharide of group B Streptococcus type III conjugated to TT, an opsonophagocytic immune response could be evoked. These rabbit sera could passively protect mice against a lethal dose of type III group B Streptococcus, although full protection was seen only with the serum of 14-TT immunized rabbits. The study of Pozsgay et al. (10) on Shigella dysenteriae type 1 using precisely defined synthetic oligosaccharide-human serum albumin (HSA) conjugates shows a different influence of the chain length with different oligosaccharide loading, stressing the importance of varying only one parameter. In our study we found a correlation between PS3-specific antibodies and protective capacity of all the conjugates. The mechanism of the observed protection is not yet certain, since the opsonophagocytic capacities of these sera are still under investigation. In our study, a change in carbohydrate/protein ratios of the conjugate vaccines did not influence their immunogenic capacity. Also in the study of Laferrière et al. (4), with PS3-derived oligosaccharide-TT conjugates there was no relationship between the number of polysaccharide chains incorporated and the immunogenicity of the conjugates. Observations made by Pozsgay et al. (10) with synthetic tetra-, octa-, dodeca-, and hexadecasaccharide fragments of the lipopolysaccharide of S. dysenteriae type 1 (HSA) conjugates showed high levels of lipopolysaccharide binding IgG antibodies in mice after three injections, except for the tetrasaccharide conjugate, which showed a low immunogenicity and was not further evaluated. The influence of the carbohydrate/protein ratio was different for the three remaining conjugates. The octasaccharide-HSA conjugate with the highest density evoked a good immune response, while the dodeca-and hexadecasaccharide conjugates with the median density were the optimal immunogens. They explain this as the covering effect of the protein carrier by the saccharide chains, which is related to the size of the saccharide and influences the availability of antigenic peptides to associate with major histocompatibility complex class II molecules on B cells and thus influences the stimulation of T cells. This could explain our results with short synthetic saccharides with a different carbohydrate/protein ratio that showed no differences in immunogenicity, although in the present study a different carrier protein was used.
Studies performed with different oligosaccharide conjugate vaccines show that they are good immunogens but that the immunogenicity of these conjugates is not clearly determined by chain length and saccharide density. This indicates that the immunogenicity of saccharide conjugates depends on the immunological properties of the saccharide and protein used. Furthermore, oligosaccharides derived by acid hydrolysis of polysaccharides are mixtures of oligosaccharides, differing in reducing and nonreducing ends. Also, the coupling methodology and the structure of the reducing monosaccharide after reduction can influence the immunogenic properties of the conjugate. Synthesis of saccharides and coupling of them to the carrier protein in a well-controlled process, thereby varying only one parameter as we did in our study, make it possible to study the influence of two parameters, chain length and density, that determine the immunogenicity of conjugate vaccines.
Important questions concerning the observed immune response remain and will be subjects for further study with regard to the nature of the protective immune responses we measured, such as opsonophagocytic capacity, subclass distribution, and change in antigenic specificity, like immune re- 25 g of saccharide) . A similar booster was given 3 weeks after the first injection. Blood samples were taken 2 weeks before the challenge, and individual sera were tested for the presence of IgG antibodies recognizing PS3. An intraperitoneal challenge with a 20ϫ 50% lethal dose of type 3 S. pneumoniae was given 7 weeks after the booster. Survival was recorded daily for 14 days. di, disaccharide; tri, trisaccharide; NT, not tested.
sponse against proteins and other pneumococcal components in sera taken before and after challenge with viable S. pneumoniae.
